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Recent advances in the theory of economic growth have led to a large number of
competing endogenous-growth models. The empirical evidence presented in this paper
supports the Rebelo (1991) growth model with constant returns to scale and constant
returns to aggregate capital. For reasonable parameterizations, this model predicts that a
one percentage point increase in the rate of investment in physical capital increases the
growth rate by about 0.1 percentage points. The results do not support models which
postulate diminishing returns to aggregate physical and human capital, externalities in
the accumulation of physical capital, or aggregate economies of scale






One of the most remarkable stylized facts of economic development over the past thirty
years or so is the large variety in growth rales and levels of output per capita across
countries. A small number of countries, notably in Southeast Asia, have increased their
per capita GDP by a factor of 5 to 7 during this period; others, mainly in Africa, have
experienced a decline in per capita GDP, sometimes in the range of 50 per cent. The
majority of Latin American countries has faced stagnation, while the industrialized
countries have roughly doubled their per capita GDP. Figure 1 shows this dispersion of
economic growth for a sample of 94 countries: In one third of all countries, there was
no growth at all, in another third, per capita output has grown with a factor of 2.5 or
more.
The result of the variety in growth rates has been a rather uneven international
distribution of output per capita (Figure 2). In 1990, more than 50 per cent of all
countries revealed a per capita output below 20 per cent of that of the United States. At
present, only the OECD countries and some advanced developing countries in Southeast
Asia exhibit productivity levels that are comparable to those of the United States.
Notwithstanding particular success stories such as the Asian Tigers, economic
development seems to exhibit no natural tendency to a convergence of per capita
incomes across a very broad sample of countries.
The major economic explanations for the variation in comparative economic growth
include physical capital accumulation, technological catch-up and endogenous
technological change, demographic change in combination with natural resource
depletion, human capital accumulation, and government policy.
1 For the applied
economist, the question is whether there are models of economic growth which provide
a reasonable account of the stylized empirical facts. Recently, two developments have
facilitated the search for an answer: The emerging literature on endogenous-growth
theory
2 has provided a number of alternative explanations for the causes of economic
growth as compared to the traditional Solow (1956) model; and the availability of large
cross-country data sets
3 has made possible the empirical testing of alternative models.
Up to now, the limiting factor has been the poor database on stocks and Hows of human
I thank seminar participates at the Kiel Institute of World Economics, the University of Konstanz,
and the Bologna Center of Johns Hopkins University for useful comments on an earlier version of
this paper.
1 For a recent review, see Brandcr (1992).
2 The seminal contributions arc Romer (1986), I.ucas (198X), and Grossman and llelpman (1991); for
surveys of the literature, see Sala-i-Martin (1990), Romer (1991), and Shaw (1992).
3 The most recent database is the Pcnn World Table Mark 5 (Summers, llcston, 1991) , which is
available through B1TNET and on diskettes. An update is available from the NBliR Publications
Department.capital accumulation which figure prominently in many models of economic growth.
Happily, this bottleneck has also been widened, since Mankiw et al. (1992) provide data
for proxies on the former, and Barro and Lee (1993) as well as Psacharopoulos and
Arriagada (1992) provide data for proxies on the latter.
Mankiw et al. (1992) use an augmented Solow model to explain the cross country
variation in output per worker. They maintain that their empirical evidence supports the
assumption of decreasing returns to capital. This finding casts doubt on the recent trend
among economists to dismiss the Solow growth model in favor of endogenous-growth
models that assume constant or increasing returns to scale in capital. In this paper, I use
the modelling framework of Mankiw et al. (1992) in order to check the stability of their
findings. In contrast to their approach, however, I estimate an empirical model that uses
the stock of human capital as an explanatory variable. Theoretically, this change from a
flow to a stock variable involves predictable changes in the way the parameters of the
empirical model can be estimated, but no change in the parameters themselves. Hence,
the estimated returns to scale to capital derived from a model that uses the stock of
human capital as an explanatory variable should not differ from those derived from a
model that uses the flow of human capital.
The next section presents a general empirical model of economic growth which
encompasses a number of sub-models, e. g., the traditional Solow model (Solow, 1956),
the augmented Solow model (Mankiw et al., 1992), the Lucas model (1988), the Romcr
(1987) model, and the Rebelo model (1991). Section 3 discusses data and samples, and
presents the results which favor the Rebelo model. Section 4 looks at the implications
for the role of investment in economic growth.
2. The General Growth Model
Let the production function for the general model of economic growth at time t be
Y,=A,K? H] L? (1)
where the notation is standard: Y is output, K physical capital, H human capital, L
labor, and A the level of technology. L and A are assumed to grow exogenously at
rates n and g:
L,=Aoe"
1




Yt=A,K?H? (c+y=l;/3 = 0). (6)
which stand for the traditional Solow (1956) model (2), the augmented Solow model
(3) suggested by Mankiw et al. (1992), the Lucas (1988) model (4), the Romer (1987)
model (5) and the Rebelo (1991) model (6).
The general model assumes that constant fractions of output are invested in physical
(xk) and human (sh) capital. Define k, = Y,l L, as the stock of physical capital per unit
of labor, and ht=H,l L, as the stock of human capital per unit of labor, and let 8 be
the rate of depreciation for physical and human capital. Using
k,= skY,-SK, and Ht=shYt-8H, as well as
— = —
L - —- and k,=—
L-nk,
k, K, L, L,
where the dot denotes absolute changes of the variables over time, the evolution of k
and h is given by
k,= A,skk?h( ^T~
l-{n + S)k, and (7)
h,= A,shkfhjL^
+^-{n + 8)h,. (8)
From these equations, the steady state values k* and h* (for k = h = 0) can be derived




Y,=A,k?h] ^r-\ (11)inserting (9) and (10), and taking logs gives
lnYl = lnAt+r^-\nsk + -l~-lnsh--^-(n + 5) + -J-\nL. (12) ' ' l-a-y * 1-or-y * 1-or-j-
v ' l-a-y ^
 v
For a+P + y = l , yt=YtILt, and apart from modelling the technology term
differently, this is the basic equation used by Mankiw et al. (1992).
4 Solving (10) for sh
gives
With the identifying assumptions of constant growth rates of technology (g) and
constant depreciation rates (5) across countries, and the term A(0) reflecting the level
of technology in some base period as well as resource endowments, climate,
institutions, and possibly other endowments which may differ across countries but are
not related to the r/i.?-variables, (13) can be inserted into (12) to give the basic equation
for the empirical analysis of the next section:
\nY,=c+1^]nsk + /-lnh*-~\n(n + S)+^-lnLt + e (14)
' 1-a
 K 1-a 1-a
 v ' 1-a ^
with ln<4, = ln AQ+gt+e, where c is a regression constant and e represents country
specific random shocks. Under the assumption that physical capital accumulation (.v^),
the steady state level of human capital (h*) and the growth rate of the labor force (n)
are independent of such country specific shocks, this equation can be estimated with
ordinary least squares (OLS).
5
This specification predicts equal coefficients with opposite signs on the share of
physical investment and growth of the labor force, and it also predicts the magnitude of
these coefficients, because under the assumption that all factors are paid their marginal
product a equals physical capital's share in income, which is expected to be about one
third (Maddison, 1987). Hence, the model implies an elasticity of income with respect
to physical capital in the range of 0.5. Given the estimate for a , the estimate for y can
be inferred from the coefficient of the slock of human capital (h*). For constant returns
to scale (a+ f)+y = l), the coefficient on L, should not be different from one; it should
be larger than one for the Lucas (1988) and the Romer (1987) model.
4 Using these restrictions and the data published in the appendix of Mankiw et al. (1992), I was able
to replicate all of tlieir results.
5 As was noted by Mankiw et al. (1992), OLS produces inconsistent estimates if this assumption does
not hold. Up to now, this issue has been largely neglected in the literature on cross-country growth
equations. One attempt to identify country specific effects is the panel data approach employed by
Knight ct al. (1992). Their results point to a faster speed of convergence to the steady state than was
estimated by Mankiw et al. (1992).3. Empirical Results
Data and Samples
In order to check the robustness of the Mankiw et al. (1992) results with respect to an
alternative measurement of the impact of human capital on economic growth, I use two
new data sources which provide a proxy for the stock of human capital: both Barro, Lee
(1993) and Psacharopoulos, Arriagada (1992) - BL and PA hereafter - provide cross
country data for the average (mean) years of schooling. The BL and PA data are highly
correlated, but not identical because there are slight methodological differences.
Another difference is that BL use interpolation techniques to end up with a sample that
covers 129 countries over five-year periods from 1960-85. PA solely rely on census
data collected around 1980. Their sample covers almost 100 observations. Here, I take
the 1985 observations from BL, and observations around 1985 (1980-88) from PA.
These data are used as a proxy for h' in equation (14).
The other variables in equation (14) are measured as follows: Y, is real gross domestic
product in 1985, sk is the average share of real investment in real GDP for the period
1960-85, n is the annualized growth rate of the working age population, 8 is assumed
to be 0.03
6, and L, is working age population in 1985. Y, , sk , and L, are dereived
from Summers, Heston (1991); n is taken from Mankiw et al. (1992).
Further, I consider four alternative samples to check the stability of the results.
Following the approach suggested by Mankiw et al. (1992), "All countries" refers to
countries with populations of more than 1 million (in 1985) excluding countries with oil
production as the dominant industry. "D countries excluded" refers to the resulting
number of countries if those countries with the weakest quality of the data (labelled "D"
by Summers and Heston) are excluded from the "All countries" sample. Both samples
are matched with the BL and the PA data. See the Appendix for each of the samples
and the data.
Results for the General Model
The results in Mankiw et al. (1992) point to distributional shares for the three factors of
production in equation (1) in the range of one third (a = /? = y = l/3) which are
estimated with relatively low standard errors and an adjusted R in the range of 0.8.
This finding can be questioned because their empirical model does not allow for
increasing returns to scale; given the cross country context, the extremely high R
might also be a point of concern. The results for the general empirical model of the
previous section (equation 14) are presented in Table I.
6 See Mankiw et al. (1992), footnote 6.The upper part of Table 1 gives the results for the unrestricted model, which confirm
the theoretically expected signs of the coefficients. Furthermore, the results arc not
sensitive with respect to the two different proxies for the slock of human capital and
different sample sizes. The lower part of Table 1 gives the results for the restricted
version of equation (14), amounting to equal coefficients with opposite signs on
physical investment (lns^) and the growth rate of the working age population plus the
depreciation rale [ln(/i + 5)]. The p-value indicates that the theoretically justified
restriction cannot be rejected at conventional levels of statistical significance.
7
Therefore, the following interpretations are based on the restricted version of equation
(14).
The coefficient on In L is not statistically different from 1. Hence the Lucas (1988) and
Romer (1987) models which postulate overall increasing returns to scale due to an
externality related to the accumulation of human or physical capital are rejected. This
finding in favor of overall constant returns to scale confirms the underlying assumption
of Mankiw et al. (1992) Although the implied estimate for the share of physical capital
(a) also confirms the Mankiw et al. estimate of 0.3, this is not the case for p and y, the
distributional shares of raw labor and human capital: here, p is estimated to be zero,
and y is estimated to be approximately 0.7. The implication is that only those factors of
production that can be accumulated are important for an explanation of the observed
cross-country distribution of output. Thus, the estimates for the general model favor a
Rebclo model with constant returns to scale and constant returns to aggregate human
and physical capital which can be written as
Y, = A, K
02 H
0J (15)
Results for Rebelo Model Specifications
The major statistical problem with the specification of the general model is the presence
of a dominant variable, L,, which is responsible for the unreasonably high R . To
eliminate this effect, I estimate the Rebelo model directly. Starting from a formulation
like equation (1) with a + y = 1 and /3 = 0 as restrictions imposed, it can be shown that
Yl=A,{K,IH,)
aH,. (16)
The evolution of K over time is governed by
K = skA,K? HJ-8K,. (17)
7 Maddala (1992, p. 177) suggests to use a level of statistical significance of 25 to 50 per cent because




Inserting (18) into (16), and taking logs, gives the unrestricted specification of the
Rebelo model
lnr, =c+j^ln^ + ln#* (19)
which can be estimated with the data at hand since ln// = lnL + ln/i. The restricted
version of the Rcbclo model can be estimated as
\n(Y,/H*) = c + ~lnsk. (20)
The results are presented in Table 2. All coefficients have the theoretically expected
sign, and the restriction is uniformly accepted, as is indicated by the p-value. Not
surprisingly, the implied a does not differ significantly from the previous estimates.
The R , however, is substantially reduced. The implication is that the present Rebelo
model explains much less of the observed cross-country variance in output (per capita)
than the augmented Solow model estimated by Mankiw et al. (1992). That does not
necessarily mean, however, that the Rebelo model is less plausible. Although a cross
section R in the range of 0.15 is a clear indication that something important is missing,
this is not a surprising result because in the Rebelo model, country characteristics
determine long-run growth rates and the cross-country distribution of output. Therefore,
a large fraction of the observed variance will remain unexplained or be attributed to
random shocks as long as country specific characteristics are ignored by simple
specifications like equation (19). Put differently, a cross section R~ in the range of 0.8
as in Mankiw et al. (1992), for a model of similar simplicity, is not necessarily a sign of
success. In the end, the conflict between the two interpretations of the cross section
data, either in favor of the augmented Solow model based on flow data for a proxy of
human capital, or in favor of the Rebelo model based on stock data for a proxy of
human capital, can not be solved on the basis of the highest R . Yet some insight can be
gained from formulating and testing alternative versions of the augmented Solow and
the Rebelo model.
Alternative Specifications
Again starting from equation (1) with the restrictions a + y = l and /3 = 0, it can be
shown thatH,= shA,K?Hj-5H, (21)
which can be used to derive log specifications similar to equations (19) and (20):
In/, =c+-?-\nsh+\nK* and (22)
\nYIK' =c+-^~insh . (23)
Similarly, for the augmented Solow model with constant returns to scale (cr+j3+/ = l)
equation (9) reduces to
Solving for sk , and inserting into equation (12), gives specifications which are
alternatives to those used by Mankiw et al (1992):
\ny = c+-Unsh-TUr\(n + 6)+~r\nk" and (24)
In^c + ^tn^-ln^ + ^+j^ln** (25)
as the restricted version.
As compared to the previous formulations, these specifications reverse the stock and
flow variables on the right-hand-side: Here, the flow data provided by Mankiw et al.
(1992) are used to proxy human capital, and stock data are used to proxy physical
capital. From a theoretical point of view, it should be possible to replicate the estimates
for a and y, both for the augmented Solow and for the Rebelo model. If the results
differ, however, it may be possible to speculate about the plausibility of the How dala-
or the stock, data-proxy for human capital, given that all other variables are correctly
measured.
The data for the stock of physical capital K' (in 1985) are also taken from Summers,
Heston (1991). These data are available for most OECD countries and a small number
of developing countries. Therefore, estimation of equations (22) to (25) is only possible
for relatively small sample sizes. To check the overall stability of the estimates with
respect to the data on the stock of fixed capital, I consider a subsample "A and B
countries only". This subsample consists of countries which were given the highest
quality levels by Summers and Heston (1991). The estimation results for equations
(22), (23), (24), and (25) are presented in Tables 3 and 4, respectively: as before, the
upper part of the tables gives the results for the unrestricted models. The disturbing
finding is the negative coefficient on Ins,, , the proxy for the investment in human
capital that was used by Mankiw ct al. (1992). Taken at face value, the implication forthe Rebelo model is that investment in human capital seems to reduce the productivity
of physical capital; for the augmented Solow model, the estimated negative coefficient
on ln.vA is statistically insignificant for all cases, implying no impact of human capital
investments on the level of per capita output.
Yet one has to consider that the proxy for investment in human capital used hy Mankiw
et al. (1992) only relies on the fraction of the working age population that is in
secondary school enrollment. With rising incomes, and a rising stock of physical
capital, this fraction may indeed decline because the fraction of the working age
population that is in tertiary school enrollment increases. Hence it can be argued that a
more general proxy for investment in human capital would be positively correlated with
the stock of physical capital. I.e., the Mankiw et al. (1992) results in favor of the
augmented Solow model can be criticized for using a proxy for investment in human
capital that is likely to be biased because it ignores possible substitution between second
and third level schooling in the course of economic development. The proxies for the
stock of human capital used in this paper include all levels of schooling and are,
therefore, immune to this kind of bias. Following this argument, the Rebelo model
seems to provide a better summary of cross-country data on output, the labor force, and
physical and human capital than the augmented Solow model. This interpretation is at
least partly confirmed by the results for the alternative augmented Solow model
presented in Table 4: For the larger samples, the coefficient on Ink equals 0.8; using
equation (24), and a profit share (a) of 0.3, this gives a value for y in the range of 0.6.
This is pretty close to the results presented in Table 1 and 2, and almost twice as high as
estimated by Mankiw el al. (1992).
Further support for the usefulness of the Rebelo model comes from rather diverse
strands of the recent empirical literature which establish a number of stylized facts
consistent with the results presented in this paper. First, the finding of aggregate
constant returns to scale is confirmed by Backus et al. (1991), who find no significant
scale effects in the growth of output per capita; Helliwell, Chung (1992) report slight
economies of scale among the industrial countries which arc, however, only one
seventh as large as suggested by the example calculations reported by Lucas (1988).
Second, the finding of diminishing returns to human capital alone is confirmed by
independent evidence for the returns to investment in education.
8 Third, the estimated
distributional share of physical capital is about the size estimated by the traditional
growth accounting framework.
9 Fourth, the empirically robust positive correlation
For a recent summary, see Psacharopoulos (1993).
For a summary, sec Maddison (1987).10
between the rate of investment in physical capital and the growth rate
1
0 is predicted by
the Rebelo model. Other models of economic growth cannot easily account for this
broad spectrum of empirical facts. E.g., Lucas (1988) and Romer (1986) postulate non-
diminishing returns to human capital accumulation; Romer (1987) postulates a
production elasticity for physical capital higher than its distributional share; and the
augmented Solow model (Mankiw ct al., 1992) is only compatible with a correlation
between investment in physical capital and the growth rate for large and persistent
deviations from the steady state.
4. Investment and Growth in the Rebelo Model
Many recently developed endogenous-growth models rely on the existence of aggregate
economies of scale. While the empirical evidence presented in this paper does not
support the existence of aggregate economies of scale, it does not reject endogenous-
growth theory in general. The findings in favor of the Rebelo model highlight the
dominant role of factors that can be accumulated for an explanation of economic
growth, and point to the possible irrelevance of factors that cannot be accumulated. The
difference with respect to the (augmented) Solow model is that in the Rebelo model,
changes in the investment of physical and human capital have permanent effects on the
growth rate. Hence the Rebelo model allows for persistent international differences in
per capita incomes without taking regress to international difference in technologies and
preferences. Such a setting implies that economic policy has a larger role to play: E.g.,
output losses due to an inappropriate economic policy or due to terms of trade shocks
will not be balanced in the long run, as they are in the Solow model. Put differently, the
Rebelo model does not exhibit a tendency to return to a previous "steady state" after an
external shock, a tendency which is labelled conditional convergence in the
(augmented) Solow model.
This conceptional difference between the two models is of minor practical relevance for
economic policy if the speed of adjustment towards the steady state is rather low. E.g.,
with a halfway time of approximately 35 years for a return to the steady state after an
exogenous shock," the differences between the models with respect to the impact of
changes in investment on the growth rate almost diminish, but become more
pronounced with a high speed of adjustment. Recent evidence for the augmented Solow
model based on the Mankiw el al. data for investment in human capital (Knight et al.,
1992), but allowing for country specific effects by means of panel data estimation,
indicates a speed of convergence which is as twice as high. The implication is that the
1
0 For time series evidence, see De Ix>ng (1991); for cross-country evidence, see Kormendi, Meguirc
(19X5). Lcvine, Rcnelt (1992), and Levine, Zervos (1993).
1' For supporting empirical evidence, see Barro, Sala-i-Martin (1991,1992) and Mankiw et a). (1992).11
long-run impact of changes in investments on the growth rate is substantially reduced
for this kind of model.
For the Rebelo model estimated in the previous section, the permanent impact of a
change in physical investment on the growth rate can be derived as follows. With
constant returns to scale and constant returns to aggregate capital {a + y= 1,/} = ()),
equation (1) can be rewritten as
Y, = AK? H}-" . (26)
The evolution of K and H is given by equations (17) and (21). Dividing by K and H,
respectively, results in two expressions for the growth rates of K and H, which can be
equated to give
*-§. (27)
Hence the Rebelo model of equation (26) converges to a "steady state" were the ratio of
the investments in physical and human capital equals the ratio of the stocks in physical
and human capital.
Using equations (27) and, e.g., (17), the common growth rate for output, physical and
human capital can be calculated as
Hence the growth rate (/i) of the Rebelo model (26) is given by
(29)
This growth rate is positive as long as net investments in aggregate capital are higher
than the growth of the labor force.
1
2 The impact of an increase in investment in




a = al(KIY). (30)
With a profit share of about 0.3, and an approximate physical capital output ratio of 3
(the approximate average for, e.g., the United States and Germany), the Rebelo model
(26) predicts that an increase in the rate of physical investment by 1 percentage point
permanently increases the growth rate by 0.1 percentage points.
1
2 For a graphical exposition, see Sala-i-Martin (1990).12
For'the impact of human capital investment on the growth rate, a similar prediction
cannot be made since at present only internationally comparable proxies for the stock of
human capital exist. Following Davies and Whalley (1989), however, who review the
empirical literature and suggest that the stock of human capital is about three times as
large as the stock of physical capital, the Rebelo model (26) predicts that the impact of
an increase in the investment rate of human capital on the growth rale is somewhat
smaller, because
^ =(1 -a)l(HI Y). (31)
h
5. Conclusion
Recent developments in the theory of economic growth provide a large number of
competing endogenous-growth models. Many of these new models postulate the
existence of aggregate economies of scale, and many stress the importance of human
capital accumulation for an explanation of economic growth. Contrary to the theoretical
developments, Mankiw et al. (1992) demonstrate that a human capital augmented
Solow model seems to explain a large fraction of the observed variance in cross-country
per capita output.
This paper shows that the Mankiw et al. (1992) results are not robust with respect to the
proxy for human capital. Using two recently developed cross-country data series for the
average years of schooling as a proxy for the stock of human capital, and a general
production function framework which allows for increasing returns to scale, the Rebelo
model is found to be consistent with the data. The estimation of alternative
specifications reveals that the human capital proxy used by Mankiw et al. (1992) may
suffer from a systematic bias. Therefore, the Rebelo model cannot easily be dismissed
despite the relatively small fraction of the observed variance in cross-country output
that is explained, especially because it is consistent with a number of stylized empirical
facts established by rather diverse strands of the literature.
The results in favor of the Rebelo model do not support the existence of aggregate
economies of scale, neither to the accumulation of physical capital as suggested by
Romer (1987), nor to the accumulation of human capital as suggested by Lucas (1988).
But due to the property of constant returns to aggregate capital, the Rebelo model is an
endogenous-growth model. The policy implication derived from endogenous-growth
models is that changes in investment in physical and human capital have a permanent
impact on the growth rate. For reasonable paramcterizations, the Rebelo model predicts
a 0.1 percentage point increase in the growth rate as a result of a one percentage point
increase in the rate of investment in physical capital. Tentative back-of-the-envelope13
calculations suggest somewhat larger effects on the growth rate for a change in the rate
of investment in physical capital than for a change in the rate of investment in human
capital.
Future research should be directed at incorporating the apparently large cross-country
variance in e.g., tax policies, education policies, political stability, and population
growth. In contrast to Mankiw et al. (1992), I expect that the Rebelo model will provide
a good starting point for understanding how these determinants influence a country's
level of per capita output.
BIbliothek
fits Institute fur Weltwirtschaff14
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Output per capita ratio (1990 vs. 1960)
a Countries with populations of more than 1 million (mid 1990), countries with oil production as the
dominant industry excluded; total number of countries: 94.
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80 90 100 110
Countries with populations of more than 1 million (mid 1990), countries with oil production as the
dominant industry excluded; total number of countries: 95; USA = 100.
Source: World Bank (1992Y18
Table 1 - Estimation of the General Model









































































































































Note: Standard errors in parentheses. -
 aA (average years of schooling) taken from
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Note: Standard errors in parentheses. -
 a/i (average years of schooling) taken from
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Table 3 - Estimation of an Alternative Rebcio Model
















Note: Standard errors in parentheses; sh (percentage of the


































secondary school) taken from21
Table 4 - Estimation of an Alternative Augmented Solow Model





















































































































































































































































































































































































































































































































































































































































































































































































































































Source. Barro. Lee (1993); Manklw et al. (1992): Psacharopoulos. Amagada (1992); Summers, Heston (1991).